Introduction {#sec1}
============

Red blood cell (RBC) disorders such as thalassemia, sickle cell disease, Diamond--Blackfan anemia, aplastic anemia, and other acquired anemic disorders are becoming an important global health burden.^[@ref1]^ It is estimated that around 5--7% of the world population carries such traits, and ∼300 000--400 000 babies are born with inherited hemoglobin disorders each year.^[@ref1]−[@ref3]^ Long-term RBC transfusions are the standard and widely used therapy to improve a patient's survival in these conditions.^[@ref4]−[@ref6]^ In addition, conditions such as myelodysplastic syndromes (MDSs) require frequent RBC transfusions.^[@ref5]^ Although this is a lifesaving therapy, chronic RBC transfusions introduce a new clinical problem in the form of excess iron deposits in the body, termed as *transfusional iron overload* or *secondary iron overload.* Each unit of transfused RBC brings about 200 mg of iron into the body.^[@ref6]^ The excess iron supersaturates the iron storage capacity in plasma and in organs, and will be circulated as highly redox active, nontransferrin bound iron (NTBI) (Fe(III) form) as humans lack an iron excretion pathway. Over time, NTBI accumulates in the liver, heart, endocrine organs, and other tissues.^[@ref7]^ The free bioactive iron accumulation leads to the generation of reactive oxygen species (ROS), resulting in oxidative damage to lipids, proteins, DNA, and cellular organelles, such as lysosomes and mitochondria. This results in cellular dysfunction, apoptosis, necrosis, and fibrosis and ultimately leads to organ dysfunction that contributes to significant morbidity and mortality.^[@ref5],[@ref8]−[@ref10]^ For example, cardiac and hepatic failures account for the major cause of death in β-thalassemia patients.^[@ref11]−[@ref13]^ Significant iron overload also occurs in disease conditions such as hemochromatosis termed as *primary iron overload* because of the increased iron uptake from the gut and can cause severe organ dysfunction.

Iron chelation therapy (ICT) is the standard treatment in transfusional iron overload conditions using low molecular weight Fe(III) specific chelators that bind the excess bioactive iron and promote its clearance via the renal or hepatic pathway.^[@ref14]^ Deferoxamine (DFO), despite its poor oral availability, is the current gold standard in ICT. Although the other two oral chelators, deferiprone and deferasirox, showed an improved ease of use, they are far from an ideal candidate.^[@ref5]^ In addition, these chelators are associated with severe adverse side effects, such as hepatic and cardiac damage, neutropenia, gastrointestinal and neurotoxicity, agranulocytosis, diarrhea, ophthalmic complications, growth retardation, and poor patient compliance, and are also very expensive.^[@ref5],[@ref15]−[@ref19]^ As a result, investigations on safe, long-circulating, and more viable approaches would greatly benefit these patient groups.

Macromolecular conjugation has been widely known to mitigate the adverse effects of small molecular drugs and other potent agents such as aptamers.^[@ref20]−[@ref24]^ In particular, conjugation of drugs with polymers offers significant advantages in terms of minimization of toxicity, enhancing circulation time, sustained release of drugs, biological activity, and solubility, among others.^[@ref25]−[@ref29]^ For instance, dextran and hydroxyethyl starch (HES) conjugated DFOs showed promising results in improving vascular residence times and in minimizing adverse events of DFO in different clinical trials.^[@ref30],[@ref31]^ However, at times, achieving long circulation times is quite challenging; increased circulation times often lead to nonspecific organ accumulation, which is a major limitation of long-circulating polymer therapeutics as exemplified in the recent reports.^[@ref32]−[@ref36]^ This is a potential challenge in the translation of these technologies, especially for chronic treatments. To avoid bioaccumulation, researchers used polymer scaffolds that have a molecular size lower than the kidney clearance limit;^[@ref37]^ however, this prevents the realization of long circulation. Thus, a biodegradable polymer design that generates longer blood circulation and stability without bioaccumulation could significantly increase the utilization of macromolecule-drug conjugation approaches.

In this article, we report the design and synthesis of a long-circulating, biodegradable iron chelating polymer nanotherapeutic, which shows efficient iron excretion and minimal nonspecific organ accumulation in mice. The degradation of the conjugate *in vivo* depends on the structure of ketal linkages used in the polymer scaffold. The current report is a first step in the generation of a long-acting and -circulating, biodegradable single molecule polymer nanotherapeutic with high iron excretion efficiency and minimal bioaccumulation.

Results {#sec2}
=======

Synthesis of Polymer Scaffold and DFO Nanoconjugates {#sec2.1}
----------------------------------------------------

We followed our recent report with a slight modification to generate a biodegradable scaffold for the iron chelating nanoconjugate synthesis ([Schemes S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)).^[@ref38],[@ref39]^ The macromolecular scaffold was generated by ring opening multibranching polymerization (ROMB) in a core--shell fashion. The acid cleavable ketal moiety incorporated biodegradable monomers, 2-(2-methyl-4-((oxiran-2-ylmethoxy)methyl)-1,3-dioxolan-2yl)ethanol (GHBK) and 2-(1-methyl-1-\[2-(oxiran-2-ylmethoxy)ethoxy\]ethoxy) ethanol (DMK), were copolymerized with glycidol to generate the degradable polymer core, and a shell layer of polyglycerol ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) was incorporated around the core. The polyglycerol shell layer improved the solubility of the scaffold. The synthesis involves the polymerization of a mixture of biodegradable monomer and glycidol (1:1 molar ratio), initiated by partial deprotonated trimethylolpropane, over 24 h followed by polyglycerol shell synthesis through ROMB of glycidol in the same reaction mixture. The ketal monomer content of the polymers was limited to 13--15% to avoid any solubility issues in water and was confirmed by ^1^H NMR analysis ([Figures S1 and S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). The absolute molecular weights of the biodegradable hyperbranched polyglycerols (BHPGs) \[BHPG-GHBK-1 (83 kDa; **Đ**, 1.4), BHPG-GHBK-2 (260 kDa; **Đ**, 1.4), and BHPG-DMK (220 kDa; **Đ**, 1.5)\] were determined by gel permeation chromatography coupled with multiangle laser light scattering (GPC-MALS) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). The degree of branching of these BHPG variants was determined by ^13^C inverse-gated NMR spectroscopy measurements (0.55--0.60) and was consistent with the low molecular weight BHPGs reported previously.^[@ref39]^

![Synthesis and characterization of the biodegradable iron chelating nanoconjugates. (A) Synthetic scheme of biodegradable iron chelating nanoconjugates and its biodegradation. Structures of biodegradable groups incorporated within the polymer scaffold are shown. Deferoxamine (DFO) is used as an Fe(III) specific chelator (see also the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). (B) Characteristics of the parent biodegradable hyperbranched polyglycerol (BHPG) and the corresponding nanoconjugates. (a) Absolute molecular weights (*M*~n~, number-average molecular weight) of the polymers are determined by GPC-MALS. Polydispersity is given in parentheses. DMK incorporated BHPGs were labeled as BHPG-DMK, and GHBK incorporated BHPGs were listed BHPG-GHBK. (b) The hydrodynamic radius of the macrochelators was determined by quasielastic light scattering (QELS) analysis. (c) The number of DFO units was measured by UV--Vis spectroscopy. (d) Determined by thermogravimetry and UV--Vis spectroscopy.](oc-2019-00284u_0001){#fig1}

A series of biodegradable DFO nanoconjugates were synthesized by a reductive amination approach with different DFO contents ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [Schemes S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). Aldehyde groups were generated on BHPG in a quantitative manner by treating it with NaIO~4~ in buffer conditions and were conjugated with DFO. The excess aldehyde groups on BHPG were quenched with ethanolamine, purified by dialysis against buffer (pH, 11), and stored at 4 °C in solution. Conjugation of DFO to the polymer scaffold was confirmed by ^1^H NMR analysis ([Figures S2 and S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)), and the absolute molecular weight and hydrodynamic radius (*R*~h~) of the conjugates were determined by GPC-MALS ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). A complete size distribution profile of the nanoconjugates in water was measured by dynamic light scattering (DLS) ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). The number of DFO units on BHPGs was determined by UV--Vis spectroscopy analysis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B and [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). The number of DFO units per conjugate were varied from 16 to 200 depending on the polymer molecular weight.

*In Vitro* Degradation of Iron Chelating Nanoconjugates {#sec2.2}
-------------------------------------------------------

For an investigation of the effect of DFO conjugation on degradation of the conjugates and a comparison of their properties with the parent BHPG scaffold, two conjugates (BGD-60 and BDD-200) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) were chosen. The degradation kinetics of the conjugates was monitored by ^1^H NMR spectroscopy in deuterated water (pH, 7.4) at 37 °C. The intensity of the ketal group's protons (1.35 ppm) that was decreased with the concurrent appearance of a new peak at 2.15--2.20 ppm on the ^1^H NMR spectrum confirmed the degradation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Intensity of the new peak at 2.15--2.20 ppm was used to quantify the degradation kinetics of the conjugates; the BDD-200 conjugate was degraded rapidly compared to BGD-60 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). The degradation half-life of the BDD-200 was almost 4.7 h. In contrast, no new peaks were noticed for BGD-60, and degradation was happening very slowly ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). The degradation profiles of the nanoconjugates were almost similar to parent BHPG scaffolds. More importantly, since the two conjugates showed a different degradation profile, it offers a great advantage in altering the pharmacokinetics, excretion, bioaccumulation, and bioactivity. The size exclusion chromatography analysis of acidic KCl/HCl buffer (pH, 2.1; 37 °C; 20 h) incubated nanoconjugates (BGD-60 and BDD-200) showed a shift in refractive index trace toward higher retention times, confirming further the degradation of nanoconjugates into very small fragments ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D and [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). For further verification of the ketal controlled degradation of nanoconjugates and an estimation of their *in vitro* clearance, the KCl/HCl (pH, 2.1) buffer treated radio-labeled (^3^H~1~) nanoconjugates and controls were loaded in a dialysis cassette (MWCO-2 and 20 kDa) and dialyzed against water. The concentration of the nanoconjugates in the cassette was monitored over 72 h and compared with nondegradable HPG-DFO ([Figure S9A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). BGD-60 and BDD-200 were degraded into small fragments and diffused into water slowly. Only ∼10% of the nanoconjugate was left in the cassette for both degradable chelators whereas the control, HPG-DFO, was retained at almost 85% in the cassette. Most of the degraded nanoconjugates were cleared off (\>98%) from the cassette with a cutoff of 20 kDa within 24 h ([Figure S9B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). This further validated the ketal groups in nanoconjugates are acid sensitive, degraded under an acidic environment, and promoting the clearance of nanoconjugates.

![Degradation of biodegradable iron chelating nanoconjugates in deuterated water. (A) ^1^H NMR spectra of nanoconjugates, BBD-220, and its degradation products measured at pH 7.4 and 37 °C. The new peak at 2.20 ppm corresponds to products formed upon degradation. Degradation kinetics of (B) BDD-200 and (C) BGD-60 at pH 7.4 at 37 °C measured by ^1^H NMR analysis. The degradation pattern of the nanoconjugates was similar to that of the unconjugated polymer scaffold. (D) GPC traces of BGD-60 before and after degradation. BGD-60 was incubated in KCl/HCl (pH, 2.1) buffer for 20 h at 37 °C. The shift in the chromatogram confirms the degradation of BGD-60. The negative shift in the GPC trace of BGD-60 is due to a difference in the salt concentrations of the mobile phase and buffer used for sample preparation.](oc-2019-00284u_0002){#fig2}

*In Vitro* Toxicity and Blood Compatibility of Nanoconjugates {#sec2.3}
-------------------------------------------------------------

Although DFO has been clinically used in ICT for almost four decades, it is known for its antiproliferative and cytotoxic characteristics.^[@ref40]^ Thus, for an investigation of whether DFO conjugates can reduce the cytotoxicity in comparison to free DFO, the cell viability of human hepatocellular carcinoma cells (HepG2) and mouse fibroblasts (NIH/3T3 cell line) was investigated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Cells were treated with either pure chelators \[DFO, deferiprone (DFP), and deferasirox (DFX)\], DFO conjugates at different concentrations (0--1 mM DFO equivalents), or media alone for 48 h. The conjugates were well-tolerated and showed good cell viability in the millimolar range of DFO equivalents when compared to DFO alone ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B, [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). BGD-60 and BGD-110 showed good cell viability even at 1 mM DFO equivalent concentration in both fibroblasts (89% and 101%, *p* = 0.0005 and *p* = 0.0001, respectively) and HepG2 cells (73% and 83%, *p* \< 0.0001 and *p* \< 0.0001, respectively) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B) in comparison to DFO. A similar tolerance profile was observed for other conjugates ([Figure S10A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)) irrespective of their molecular weights. Further, the cell compatibility of the nanoconjugates was compared with FDA approved chelators including DFP and DFX and showed very high cell viability with nanoconjugates ([Figure S10C,D](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). The reversal of free radical generation with nanoconjugates was examined in HepG2 cells loaded with iron (400 μM of iron from ferric ammonium citrate) using a fluorescent-based assay. A decreasing trend was observed for nanoconjugates relative to low molecular weight iron chelators (DFO, DFX, and DFP), although it is not significantly different ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)).

![*In vitro* toxicity, blood compatibility, and activity of iron chelating nanoconjugates. Cell viability of (A) HepG2 and (B) fibroblast cells in the presence of nanoconjugates and DFO measured using the MTT assay. Influence of nanoconjugates on blood coagulation measured by (C) activated partial thromboplastin time (aPTT) and (D) prothrombin time (PT) (*N* = 3). The dotted line represents the clotting time for the buffer (*N* = 3). (E) Prevention of Fe(III) mediated toxicity to proteins by nanoconjugates and DFO. Hemoglobin is used as a model protein. (F) Quantification of formation of oxyhemoglobin and methemoglobin after treatments with DFO, buffer, Fe(III), and nanoconjugates.](oc-2019-00284u_0003){#fig3}

Since the conjugates are going to be injected in blood and may circulate in blood after administration, we looked at the blood compatibility of these chelators. We utilized blood coagulation measurements \[activated partial thromboplastin time (aPTT) and prothrombin time (PT)\] in human plasma as an initial investigation. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,D shows clotting times of the conjugates (1.0 and 0.1 mg/mL) in human plasma; values are reported as the average of three donors and in triplicate measurements per donor. With the exception of BGD-30 at 0.1 mg/mL and BGD-220 at 1.0 mg/mL, the clotting times of all nanoconjugates were comparable to that of the buffer control and were not influencing the blood coagulation ([Figure S10D,F](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). Since the conjugates showed minimal influence on blood coagulation, and we extensively studied the blood compatibility of nonbiodegradable chelators^[@ref33],[@ref32]^ and the biodegradable polymer scaffold,^[@ref39]^ we did not perform those detailed studies here.

Prevention of Iron Mediated Oxidation of Proteins with Nanoconjugates {#sec2.4}
---------------------------------------------------------------------

To assess the iron binding of the conjugates and, hence, the prevention of iron mediated oxidation of proteins *in vitro*, we used a model protein hemoglobin. The hemoglobin (HbA, ∼15 μM) from packed red blood cells (RBCs) showed two characteristic maximum absorbances in between 500 and 600 nm. The Fe(III) sulfate hydrate (100 μM) treated HbA showed a decrease in absorbance and showed a new peak around 635 nm, confirming the oxidation of oxyhemoglobin to methemoglobin (12 mM) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E,F). The conjugates (BGD-60 and BDD-200) and DFO (equivalent DFO concentrations) treated HbA in the presence of Fe(III) sulfate did not form methemoglobin, and no change in oxyhemoglobin concentrations (15 mM) confirms the protection against iron mediated injury by the conjugates ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}F).

Circulation Half-Life and Biodistribution of the Nanoconjugates {#sec2.5}
---------------------------------------------------------------

Two representative conjugates, BGD-60 and BDD-200, were chosen to investigate the blood circulation and biodistribution. These conjugates have different degradation profiles as discussed previously. The conjugates were radio-labeled (^3^H~1~) by the partial methylation of hydroxyl groups (∼1% of the hydroxyl groups) to form a stable methoxy group and were injected in Balb/c mice (*N* = 4) at a dose of 10 mg/kg. The concentration of conjugates in plasma as a function of time was determined by measuring the radioactivity at different time points ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B). The data (plasma concentration versus time) were fitted to a two-compartment model (using origin-2018 software) to determine pharmacokinetic parameters of the conjugates ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E). The circulation half-life (*t*~1/2β~) of BGD-60 was 64 h which translates to a ∼768-fold higher value compared to DFO ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). The circulation half-life of BDD-200 was 7.9 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). With a change in the degradable linkages, the vascular residence time of conjugates was altered.

![Vascular residence and biodistribution of biodegradable iron chelating nanoconjugates in mice with different degradation profiles. (A) Concentration of BGD-60 in the plasma (mg/mL) of mice at different time points. (B) Concentration of BDD-200 in the plasma (mg/mL) of mice at different time points. Female Balb/c mice (*N* = 4) were injected intravenously (via tail vein) with ^3^H-labeled nanoconjugates, and the concentration was measured via scintillation counting. Shorter circulation of BDD-200 is made evident by its faster disappearance from plasma. (C, D) Biodistribution of BGD-60 and BDD-200. Organs (liver, heart, spleen, kidney, and lung) were collected at different time points, and the activities in the organs were measured and expressed as percent of injected dose (%ID). (E) Pharmacokinetic parameters of the nanoconjugates in mice (*N* = 4) obtained by fitting the concentration of nanoconjugates at different time points to a two-compartment model (origin 2018). Concentration in plasma, tissue volume, and all rate constants were derived, and error bars indicate standard deviations. (F) Excretion of nanoconjugates in urine and feces. BGD-60 selectively excreted through the hepatic pathway whereas BDD-200 did not show any preference.](oc-2019-00284u_0004){#fig4}

Next, we looked at the accumulation of conjugates in major organs including the liver, kidney, spleen, lung, and heart as well as its excretion through urine and feces at each time point. The bioaccumulation was quantified by radio-activity measurements. As shown, accumulation of the conjugates in organs is minimal for both of the tested conjugates which lies in between 2% and 11% irrespective of any time point ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C,D).

In the case of BGD-60, tissue accumulation is gradually decreased in most of the organs except for the liver and spleen ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). The conjugate BDD-200 showed very minimal accumulation, which is around 2% in most of the organs except the liver which showed around 4% accumulation at 48 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). BDD-200 showed less accumulation compared to BGD-60 possibly due to the faster degradation of BDD-200. We also measured the radioactivity of nanoconjugates in urine and feces to ensure that the degraded fragments of nanoconjugates are being excreted over time. The majority of the BGD-60 was excreted through the liver whereas BDD-200 did not show any preference ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F). Favorable long circulation and minimal bioaccumulation are important characteristics of these iron chelating conjugates.

Iron Excretion and Mobilization in Iron Overload Mice {#sec2.6}
-----------------------------------------------------

Next, we looked at the efficiency of iron chelating conjugates in excreting iron *in vivo* utilizing an iron overloaded mice model induced by injecting iron-dextran (day 1). The chelators (DFO and conjugates) were injected via the tail vein (100 mg/kg DFO or DFO equivalents) (4 injections) at different intervals (day 8, 11, 14, and 17). The body weight of the mouse increased during the experiments, and no drug related toxicity was observed ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). Histological examination of the major organs (liver and kidney) further showed no abnormality or any appreciable necrosis in conjugate treated organs compared to controls ([Figures S12 and S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00284/suppl_file/oc9b00284_si_001.pdf)). The serum and organs were collected at the end of the experiment on day 21. Urine and feces were collected throughout the experiment using metabolic cages.

![Iron excretion and mobilization by biodegradable iron chelating nanoconjugates in iron overloaded mice. (A) Dose schedule and mean body weight of the mice during the study. Iron overloaded mice (Balb/c) were prepared by administering Fe-dextran (150 mg/kg) on day 1. On day 8, mice were injected with nanoconjugates or DFO (100 mg/kg equivalent DFO) (*N* = 4 per group) intravenously (tail vein), followed by 3 injections on day 11, day 14, and day 17. One group of mice was injected with a similar volume of saline (200 μL) (*N* = 4). All the mice were sacrificed on day 21. Plasma, serum, and organs were collected. Urine and feces were collected using metabolic cages from day 8. (B) Serum ferritin levels (*N* = 4 per group) measured by colorimetric ELISA assay. Total iron excreted through (C) urine and (D) feces. Iron content in the samples was determined by inductively coupled plasma mass spectrometry. The total iron content in the organs: (E) liver, (F) kidney, (G) spleen, (H) pancreas, and (I) heart. Statistical significance have been indicated with asterisks as follows: \*\*\*\* represents *p* \< 0.0001, \*\*\* *p* = 0.002, \*\* *p* = 0.0014, and \* *p* = 0.0215. The error bars are for interassay replicates for four biological replicates (*N* = 4).](oc-2019-00284u_0005){#fig5}

The serum ferritin level is a very good biomarker to assess the NTBI in plasma in iron overload conditions. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B shows serum ferritin levels in iron overloaded mice treated with saline, BGD-60, BDD-200, and DFO. A significant decrease in serum ferritin levels is observed between BGD-60, BDD-200, and DFO treatments compared to the saline placebo (*p* = 0.039, *p* = 0.001, and *p* = 0.021, respectively.) There were no significant differences between the treatments, possibly because of the short duration of the study.

Further, for an investigation of the iron excretion efficacy of the conjugates, and a study of the influence of circulation time and biodegradability on iron mobilization from different organs, the iron content was measured using inductively coupled plasma mass spectrometry (ICP-MS). A significant increase in urinary iron excretion was observed for all treatments, BGD-60, BDD-200, and DFO, when compared to the saline control (*p* \< 0.0001, *p* = 0.0002, and *p* \< 0.0001, respectively) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). Of importance, urine iron content was statistically the highest in DFO treatments, followed by BGD-60 (*p* = 0.0012) and then by BDD-200 (*p* \< 0.0001 for all).

A significant increase in iron excretion was observed through the feces for iron overloaded mice treated with BDD-200 when compared to the saline control (*p* \< 0.0001) and DFO (*p* \< 0.0001) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D); less iron is excreted via the feces in the DFO group (*p* \< 0.0001). The iron content (μg) per organ (g) for major organs is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}E--I. BGD-60 significantly mobilized iron from the spleen and pancreas (*p* \< 0.0001 and *p* \< 0.0001, respectively) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}G,H). BDD-200 was able to mobilize iron from the spleen, liver, and pancreas (*p* \< 0.0001, *p* \< 0.0001, and *p* \< 0.0001, respectively) compared to DFO ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}G,E,H). In the heart, we did not notice any improvement with conjugates compared to DFO ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}I). In the case of BDD-200, there is high iron content compared to the control; it might come from the Fe-dextran iron loaded mice model itself rather than being a result of the nanoconjugate treatment as we noticed a very small amount of BGD-200 accumulation in the heart ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). Overall, we noticed the iron excretion via urine or feces dependent on the type of biodegradable linkages used. Also, the biodistribution is influencing the iron excretion; for instance, the long-circulating slowly degrading conjugate (BGD-60) needed more time for its excretion from the liver ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). The quickly degrading iron chelating conjugate BDD-200 showed efficient iron excretion through the feces, and the liver iron content was much lower than in other treatment groups.

Safety Statement {#sec99}
----------------

For most of the chemicals used in the manuscript, no unusual safety precautions are expected except for NaH. Care should be taken by using dry apparatus and using it under inert atmosphere.

Discussion {#sec3}
==========

The landscape of polymer therapeutics including polymer conjugates is expanding rapidly, and a few recent successful clinical trials confirmed this steep progress.^[@ref41],[@ref42]^ In particular, the conjugation of small molecular drugs with macromolecules enhances the bioavailability and compatibility, minimizing the toxicity, and improving the efficiency and specificity of the drugs.^[@ref20],[@ref21]^ In the case of ICT, previous studies highlight the importance of polymer conjugation that dramatically increases the circulation time and decreases the toxicity.^[@ref32],[@ref33]^ However, the bioaccumulation of conjugates and the chemistry/biocompatibility of the polymer scaffold are two important determinants which affect the eventual clinical translation of these conjugation approaches. We anticipate that nontoxic polymer conjugates with longer plasma circulation times and minimal organ accumulation, and having controlled biodegradation, would be a front-runner in the race to generate an ideal therapeutic candidate for ICT.

Hyperbranched polyglycerol (HPG) and its biodegradable versions have been known for their biocompatibility and have been highlighted recently.^[@ref43],[@ref44]^ Biodegradability of these structures can be controlled by changing the acid cleavable ketal linkages without altering biocompatibility of the scaffold.^[@ref38]^ We utilized such polymer scaffolds to generate DFO conjugates to investigate the role of biodegradation on circulation time, bioaccumulation, and iron excretion.

We have chosen two different biodegradable polymer scaffolds with fast (BHPG-DMK) and slow (BHPG-GHBK) degradation profiles for this purpose. Our data clearly illustrated that circulation time and bioaccumulation can be dramatically changed by altering the degradation linkages within the polymer ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Biodegradation of the nanoconjugate is vital in avoiding the nonspecific accumulation in organs for its utility in long-term iron mobilization and excretion without toxicity. The ketal groups used in the nanoconjugate's design are pH sensitive, and they degraded via hydrolysis into ketones and alcohols in an acidic environment.^[@ref45]^ The kinetics of hydrolysis of these ketals is highly dependent on the surrounding chemical framework. Our data show that the kinetics of degradation did not change upon conjugation with DFO *in vitro* and hydrolyzed into small molecular weight fragments under an acidic environment which can even be diffused through a 2 kDa cutoff dialysis cassette. However, in mice, DFO conjugation slightly decreased its degradation ability. This is evident from our recent data showing that BHPG-DMK and BHPG-GHBK without DFO have faster degradation in mice, evident by shorter blood circulation.^[@ref39],[@ref45]^ Thus, DFO conjugation slightly alters the scaffold properties *in vivo*. Although the degradation is slightly slowed, BHPG-DMK-based conjugates (BDD-200) showed minimal bioaccumulation and cleared from the body rapidly through both feces and urine. The BHPG-GHBK conjugate, BGD-60, showed slightly higher accumulation in the body due to the higher stability and consequent longer circulation. Interestingly, BGD-60 preferentially showed a hepatic excretion pathway. This suggests that the type of ketal linkage can influence the excretion pathway in mice. We anticipate that this bioaccumulation will further go down with time as demonstrated recently.^[@ref45]^ The BHPG-GHBK polymer without DFO almost completely excreted from mice within 30 days after the injection.^[@ref45]^

One of the major limitations of the current FDA approved small molecule chelators is their toxicity. Although DFO is therapeutically effective, its infusions generate side effects in a dose dependent manner, and it has shown visual and auditory neurotoxicity due to chronic treatment. In addition, abdominal pain, nausea, and hypotension were observed after DFO administration.^[@ref46],[@ref47]^ The conjugation of DFO to a biodegradable scaffold dramatically increases its biocompatibility. In addition, the conjugation did not interfere with its ability to bind iron and protect against iron mediated toxicity. Since NTBI is known for its ability to damage different biomolecules by free radical mediated oxidation,^[@ref48]^ our data on the protection of proteins highlight its utility in preventing ROS generation *in vivo*. The DFO density and structural variance of nanoconjugates also did not show any influence on the oxidation of proteins.

Short vascular residence time is one of the major limitations of FDA approved Fe(III) chelators used in ICT.^[@ref4]^ For example, the gold standard DFO has a circulation half-life of about 20--30 min in humans and 5 min in mice. Because of the rapid elimination, DFO is administered for long time periods in either intravenous or subcutaneous modes. DFO is infused 7 h/day for 5--6 days a week.^[@ref6]^ Conjugation of DFO to macromolecules can alter the circulation times, and few examples are shown in the literature.^[@ref29]−[@ref32],[@ref35],[@ref36]^ Our slowly degrading nanoconjugates generated ultralong circulation with *t*~1/2~ around 64 h in mice. The quickly degrading conjugate has a circulation time around 7.9 h in mice which is also considerably higher than DFO. Our studies further demonstrated that the newly developed conjugates show efficient iron excretion profiles, and the iron excretion can be modulated by changing the biodegradable linkages within the polymer scaffold. Interestingly, conjugates, in particular BDD-200, are more efficient in mobilization of iron from the liver compared to the kidney. This might be due to the exclusive hepatic pathway of elimination for BHPG-DMK polymer^[@ref39]^ and possibly its conjugates. Together our data support the fact that the biodegradable conjugates are nontoxic and efficient in sequestration of iron from different organs as well as plasma in iron overloaded mice without accumulation in the body.

Conclusions {#sec4}
===========

In summary, we have developed a series of long-acting and biodegradable iron chelating nanoconjugates by conjugating DFO with different biodegradable polymer scaffolds. The conjugates were well-characterized by NMR spectroscopy, UV--Vis spectroscopy, and gel permeation chromatography, and these are found to be less toxic compared to DFO and were able to prevent iron mediated oxidation of proteins. The conjugate, BGD-60, showed very long circulation in mice, which is 768-fold higher than that of DFO. Importantly, bioaccumulation and iron mobilization of these new conjugates are modulated by changing the cleavable linkages within the polymer scaffold. In general, the conjugates showed very low accumulation in major organs and are highly efficient in iron excretion. Long-term iron efficacy studies would be needed to further evaluate the iron excretion efficacy of these chelators, and these studies are in progress.
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